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CompartmentalizationLocal movements of receptors in the plasma membrane have been extensively studied, as it is generally
believed that the dynamics of membrane distribution of receptors regulate their functions. However, the
properties of large-scale (N5 μm) receptor movements in the membrane are relatively obscure. In the present
study, we addressed the question as to whether the large-scale movement of receptor in the plasma
membrane at the whole cell level can be explained quantitatively by its local diffusive properties. We used
HEK 293 cells transfected with human β2-adrenoceptor fused to photoconvertible ﬂuorescent protein
dendra2 as a model system; and found that 1) functional integrity of the dendra2-tagged receptor remains
apparently intact; 2) in amesoscopic scale (~4 μm), ~90% of the receptors aremobile on average, and receptor
inﬂux to, and out-ﬂux from a membrane area can be symmetrically explained by a diffusion-like process with
an effective diffusion coefﬁcient of ~0.1 μm2/s; 3) these mobility parameters are not affected by the activity
state of the receptor (assessed by using constitutively active receptor mutants); 4) in the macroscopic scale
(4–40 μm), although a slowly diffusing fraction of receptors (with Db0.01 μm2/s) is identiﬁable in some cases,
the movement of the predominant fraction is perfectly explained by the same effective diffusion process
observed in the mesoscopic scale, suggesting that the large scale structure of the cell membrane as felt by the
receptor is apparently homogeneous in terms of its mesoscopic properties. We also showed that intracellular
compartments and plasma membrane are kinetically connected even at steady-state.scence recovery after photo-
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Plasma membrane constitutes a liquid-like array of phospholipids
in which integral membrane proteins, including cell surface receptors,
can move [1]. Besides this basic property, it is now well understood
that the plasma membrane is an organized structure that contains
discrete microdomains by which signaling molecules are concentrated
and organized together or separated from each other [2]. This
compartmentalization eventually contributes to the efﬁciency or
speciﬁcity of receptor-mediated signaling [3,4]. In addition to this
compartmentalization that is evident in biochemical experiments based
on detergent solubilization followed by density gradient centrifugation,
physical measurements, such as ﬂuorescence recovery after photo-
bleaching (FRAP), ﬂuorescence correlation spectroscopy (FCS) or single
particle (ormolecule) tracking (SPT) have revealed that themovementsof membrane proteins (or phospholipids themselves) are much slower
in cell membrane than in artiﬁcial bilayers (see for example [5–7]). The
latter observations, which cannot be explained solely by lipid
composition and cholesterol content of the cell membrane, or by
protein–protein interactions among membrane proteins that are
expressed at physiological levels [8], have generally been attributed to
the effects of cytoskeleton and scaffold proteins on the apparent
diffusion of membrane proteins [9]. This implies an additional level of
dynamic compartmentalization of proteins in the plasmamembrane, as
the membrane proteins may feel the latter effects differentially by
speciﬁc interactions, or collectively by nonspeciﬁc interactions. Hence,
as opposed to the Cuatrecasas picture of ﬂoating receptors [10], the
plasma membrane does not seem to provide a homogeneous two-
dimensional liquid continuum, in which membrane receptors diffuse
freely to collide and interact with their signaling partners randomly.
Rather, the dynamic organization of the membrane and its immediate
intracellular vicinity seems to be actively contributing to the regulation
of transmembrane signaling by controllingmobility of the receptors in a
purposeful manner. Yet, another level of dynamic organization at a
larger scale is apparent in highly polarized cells, like neurons; as
required by the very nature of their purposes, neurotransmitter
receptors are found to be conﬁned to speciﬁc (anatomic) areas (i.e.
synapses) resisting against diffusion-like processes in the large
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mode of compartmentalization mentioned above, the latter implies an
ultimately large scale compartmentalization of receptors in the entire
plasma membrane of polarized cells, as the mobility of the receptor
within an anatomic regions need not to be the same as the one at the
boundary. In such cases, receptor concentration in speciﬁc areas in the
membrane, and consequently the signaling efﬁciency of the receptor, is
expected to be sensitive to, and perhaps to be regulated by, the large
scale mobility of the receptors (i.e. the ability of receptor to move from
one large region to another). Indeed, it has been shown for AMPA [11],
NMDA [12], GABAA [13] and glycine [14] receptors that dynamic
regulation of large scale receptor diffusion, which works against its
anatomic conﬁnement, contributes signiﬁcantly to the fast control of
synaptic sensitivity and plasticity in neurons (see [15] for a review). In
summary, the cell membrane is dynamically (and hierarchically)
organized at many different levels, starting from the very microscopic
scale of a few molecules, to the ultimate scale of the entire cell mem-
brane. Obviously, mechanisms that are involved in such a wide range of
organization are expected to be variable at different scales.
This newpicture of highly organized cellmembrane that actively and
dynamically contributes to the regulation of transmembrane signaling
inmany differentways hasmotivated a considerable amount of work in
the last two decades aiming to characterize themodes of movements of
G protein-coupled (or other types of) receptors in the cell membrane
[16]. A great deal of progress has been made in determining ﬁne
structure of cell membrane in terms of receptormobility by using FRAP,
FCS and SPT techniques (reviewed in [9,17]). However, the question as
to whether the microscopic models of membrane organization thus
constructed apply to the very macroscopic scale of the entire cell
membranehasnot been addressed so far. Hence, the large scaledynamic
structure of cell membrane as seen by the receptor molecules is
relatively obscure. In the present study, we therefore investigated the
properties of ultimately large-scale (cell-wide) movements of β2AR in
the HEK 293 cells in order to see whether the effective diffusion
determined in the FRAP-like experiments at amesoscopic scale (~4 μm)
explains the cell-wide movements of β2AR in the plasma membrane.
We used the irreversibly photoconvertible ﬂorescent protein
dendra2 [18] to tag β2AR, which enabled us to label β2AR
instantaneously and irreversibly in desired regions of a living cell
under a confocal microscope. We compared the results obtained in
different spatial scales and geometries quantitatively by means of
numerical simulations. Besides the main question we asked in the
present study, we also discussed the utility of photoconvertible tags in
investigating receptor dynamics not only in the cell membrane, but
also in the entire cell including intracellular compartments.
2. Material and methods
2.1. Materials
Cell culturemedia, fetal bovine serumand antibioticswere purchased
from Biochrom (Germany). Complete Mini protease inhibitor cocktail
and Pwo DNA polymerase were purchased from Roche Diagnostics
GmbH(Manheim,Germany). Isobutylmethylxanthine,MTT(methylthia-
zolyldiphenyl-tetrazolium bromide) and (−) isoproterenol were pur-
chased from Sigma (Taufkirchen, Germany). [125I]-iodocyanopindolol
was purchased from Amersham-Pharmacia (Sweden). Lipofectamine
2000 and Geneticin were purchased from Invitrogen (Karlsruhe,
Germany). All standard reagents (buffers, salts, detergents, etc.) were
fromSigma-Aldrich (Taufkirchen,Germany) or Fisher Scientiﬁc (NJ, USA)
at appropriate purity.
2.2. DNA constructs, cells and transfection
Full length cDNA encoding β2AR–dendra2 fusion protein was
constructed by amplifying the cDNA of wild type or mutated humanβ2AR from the original vector hβ2AR-pCDNA3.1(+), and by inserting the
resulting fragment (ampliﬁed without the stop codon) into the multiple
cloning region of the dendra2-N vector (kindly provided by Konstantin
Lukyanov, Russia) between the unique XhoI-HindIII sites. The ﬁnal
construct that encodes the β2AR fused to dendra2 protein from the C-
terminus of the former, starts with β2AR and ends with the dendra2
protein, with a 19 -mer linker (β2AR–KLRILQSTVPRARDPPVAT–dendra2)
between the two proteins. Site speciﬁc mutations were performed by
standard PCR-based strategies using mismatched primers and Pwo DNA
polymerase. We used a two-step procedure to insert the constitutively
active β2AR mutant (CAMβ2AR) into the dendra2-N vector, as the CAM
mutations (L272A, H269K, K267R, L266S in human β2AR) introduced an
additional XhoI site in the β2AR sequence. Mutations and integrity of the
ﬁnal fusion constructs were veriﬁed by DNA sequencing.
All experiments were carried out in HEK 293 cells. Cells were grown
in DMEM (Dulbecco's modiﬁed Eagle's media) supplemented with
penicillin (100 IU/ml), streptomycin (100 μg/ml) and 10% (v/v) fetal
bovine serum, at 37 °C in a humidiﬁed atmosphere with 5% CO2. All
transfections were carried out by using Lipofectamine 2000 reagent as
described by the manufacturer. Stable transfectants were selected by
geneticin (750 μg/ml). Expression level of transfected proteins was
assessed by 125I-iodocyanopindolol binding. Relative expression levels
of different cells, or different populations of cells, were assessed by
evaluating the average ﬂuorescence of the dendra2 protein in the cells.
Functional integrity of the β2AR–dendra2 fusion protein was conﬁrmed
by agonist binding and cAMP accumulation assays. Cells that were used
in ﬂuorescence measurements were grown on glass cover slips in
standard conditions as described above, except that the cultures were
incubated in serum-free conditions at least 2 h before the experiments.
2.3. Confocal microscopy, photoconversion and ﬂuorescence
measurement procedures
We performed all ﬂuorescence measurements in living cells that
were grownonglass cover slips in serum-freeDMEMmediumbymeans
of a confocal microscope system (Leica TCS SP5) equipped with argon-
ion and He–Ne lasers, and an additional mercury lamp in a diverse
optical path.Weused a63×water immersionobjectivewith anumerical
aperture of 1.2 (Leica, HCX PL APO) throughout the experiments.
Photoconversion of the dendra2 protein from green to red form was
achieved either byusing the488 nm line of the argon-ion laser or theUV
band of the mercury arc lamp. In the case of laser-induced photo-
conversion either a region of interest was scanned repeatedly for 1–2 s
with high power laser (20% of the total power of the laser), or a target
point was constantly irradiated for 100 ms with an enhanced-power
static laser beam. The latter strategywas used in FRAP-like experiments
(see Section 2.4.1 below). In the case of broad-band photoconversion,
low-pass-ﬁltered light of the mercury arc lamp was focused and
conﬁned to a small region in thevisualﬁeld byusing theﬁeld diaphragm
of the microscope, and a region of interest was illuminated for 1–2 s
right before switching to the data collection mode. The latter strategy
was used when photoconversion was desired in relatively large and
thick regions of the sample. Green and red forms of the dendra2 protein
were detected, respectively, byusing488 nmlineof argon ion laser (Ex.)
and 509–540 nmband of themonochromator (Em.), and 543 nm line of
He–Ne laser (Ex.) and 560 nm high-pass region of the monochromator
(Em.). Simultaneous detection of green and red spectrums were
achieved by fast switching between the two conﬁgurations at each
scanning line. Under these conditions, green channel is blind to the red,
and red channel is blind to the green formof the dendra2protein. Unless
indicated otherwise, datawere collectedwith a spatial resolution of 512
or 1024 pixel per scanning line (with 8 bit of intensity depth) and a time
resolution of 2 s/frame with a pinhole aperture of 1 Airy unit. Under the
detection conditions of low-intensity 488 nm laser (0.3% of the total
laser power) no spontaneous photoconversion or signiﬁcant photo-
bleaching was observed during the experiments.
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full scan images of the confocal plane in the green channel. Outward
diffusion of the red protein that emerged in the red channel after spot-
illumination was monitored simultaneously with the inward diffusion
of the green protein to the same spot. In these experiments, the cell
membrane surface that is perpendicular to the optical axis of the
microscope was included in the confocal plane. Conﬁgurations of other
experiments are explained below.
Data collection and basic image operations were performed by
means of themicroscope system's software (Leica, LAS AF, v. 1.6.1). All
other analyses were done in MATLAB or MS-Excel environment using
in-house script codes. All microscopic experiments were done at 37 °C
using the thermostatic stage of the microscope.
2.4. Diffusion models and quantitative analysis
In this study we considered only two-dimensional diffusion prob-
lems in the cell membrane which are assumed to be governed by the
general diffusion equation:
∂c
∂t = −∇: D∇cð Þ = −D
∂2c
∂x2
+
∂2c
∂y2
 !
;Fig. 1. Schematic representation of some of the experimental conﬁgurations used in the
drawings on the right represent evolution of the observed signal in corresponding conﬁgura
represented as black andwhite, respectively in a gray-scale. (A) Fluorescence recovery after ph
radius of ω. (B) Complementary FRAP: dissipation of the red ﬂuorescence is measured in a
measurement area is assumed to be a Gaussian with parameter σ. The origin of the coordin
region: appearance of the red ﬂuorescence is measured in a rectangular region distant from th
be a Gaussian with parameter σ, and the origin of the coordinate system is chosen to be thwhere c(x, y, t) is the time-dependent spatial distribution of the
concentration of the ﬂuorescent protein and D is the isotropic (scalar)
diffusion coefﬁcient. Following experimental cases were evaluated.
2.4.1. Fluorescence recovery after photobleaching (FRAP)
In these experiments, we evaluated the diffusion of green β2AR–
dendra2 protein into a bleached spot in the cell membrane (Fig. 1A).
We used the solution of diffusion equation provided by Soumpasis for
this conﬁguration [19]:
f tð Þ = e−2τ = t I0
2τ
t
 
+ I1
2τ
t
  
; τ =
ω2
4D
;
where f(t) is the (normalized) total ﬂuorescence signal coming from
the circular spot area at time t; D is the diffusion coefﬁcient; ω is the
radius of the bleached area; and In is the modiﬁed Bessel function of
the order n deﬁned as:
In xð Þ = i−n ∑
∞
k=0
−1ð Þk
k! n + kð Þ!
ix
2
 n+2k
; i =
ﬃﬃﬃﬃﬃﬃﬃ
−1
ppresent study. Pictures on the left schematize the observed microscopic images, and
tions. In the schematized microscopic images, low and high ﬂorescence intensities are
otobleaching (FRAP): recovery of green ﬂuorescence is measured in a circular spot with a
circular region with a radius r0. Initial distribution of the red ﬂuorescence within the
ate system is chosen to be the center of the initial distribution. (C) Arrival to a distant
e photoconversion area. As in B, initial distribution of the red ﬂuorescence is assumed to
e center of the initial distribution. See Sections 2.4.1–2.4.3 for more details.
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slowly diffusing) fraction of the ﬂuorophore in the membrane:
F tð Þ = f tð Þ F∞−F0½  + F0 ð1Þ
where F0 is the ﬂuorescence intensity measured right after photo-
bleaching and F∞ is the intensity as t→∞. Thus, mobile and immobile
fractions are given as:
mobile =
F∞−F0
Fb−F0
immobile =
Fb−F∞
Fb−F0
where Fb is the intensity in the same area before photobleaching (see
Fig. 1A for a schematic representation). Eq. 1 was used as a regression
model to estimate D in these experiments. The value of ω was inde-
pendently measured to be 2 μm in the present setup, which was
determined by immobilizing puriﬁed GFP in a thin layer of
polyacrylamide gel and by bleaching the GFP in the same experimental
conditions.
2.4.2. Complementary FRAP
In these experiments, we evaluated the outward diffusion of red
β2AR–dendra2 protein that emergedwithin the photobleached area of
the cell membrane (Fig. 1B). Thus, the experiments were conducted
simultaneouslywith the ordinary FRAP experiments.We assumed that
the bleaching beam has a Gaussian proﬁle, hence, so does the initial
distribution of the photoconverted protein (as the photoconversion
protocol that we used in these experiments was non-saturating). We
also assumed that the photoconverted area is very small compared to
the entire cell membrane, so that the photoconverted protein diffuses
practically to inﬁnity in space. Under these boundary and initial con-
ditions the two-dimensional diffusion equation has the following
solution:
c x; y; tð Þ = c0 x; yð Þ⊗h x; y; tð Þ;
h x; y; tð Þ = 1
4Dt
e− x
2 +y2ð Þ=4Dt ;
with a Gaussian initial distribution:
c0 x; yð Þ =
1
2πσ2
e− x
2 +y2ð Þ=2σ2
The spreading parameter in the latter equation is designated as σ.
The convolution integral given with the symbol⊗ above then reads as
c x; y; tð Þ = 1
8Dtπσ2
∫
∞
−∞
∫
∞
−∞
e− α
2 +β2ð Þ=2σ2e− x−αð Þ
2 + y−βð Þ2½ =4Dtdαdβ;
which yields
c x; y; tð Þ = 1
2π Dt + σ2
  e− x
2 + y2
2 Dt + σ2ð Þ or c r;ϕ; tð Þ = 1
2π Dt + σ2
  e− r22 Dt + σ2ð Þ
ð2Þ
in Cartesian or polar coordinates, respectively. Thus, the total concen-
tration of the protein inside a measurement area can be calculated by
integrating Eq. 2 over that area. We chose a circular measurement area
with a radius r0 for convenience (see Fig. 1B), in which case the integral
Cr0 tð Þ = ∫
r0
0
∫
2π
0
c r;ϕ; tð Þr drdϕyields
Cr0 tð Þ = 1−e
− r
2
0
2 2Dt+σ2ð Þ
Assuming that the ﬂuorescence intensity is proportional to the
concentration of the ﬂuorophore, the latter equation can be arbitrarily
scaled to give the ﬂuorescence intensity inside the measurement
circle. The scaling factor should incorporate all the unknown pa-
rameters such as the relevant quantum yields, intensity of the
detection beam, total number of initially converted molecules, etc.
As we did above, we scaled the latter equation in such a way that it
incorporates mobile and immobile fractions of the protein in the
membrane:
F tð Þ = F0−F∞ð ÞCr0 tð Þ + F∞ ð3Þ
where F0 and F∞ signify ﬂuorescence intensities measured right after
photoconversion and as t→∞, respectively (see Fig. 1B). In terms of
the latter two parameters, mobile and immobile fractions are given as
(F0−F∞)/F0 and F∞/F0, respectively. Fluorescence intensity measured
in the background-corrected red channel was practically zero before
photoconversion. We used Eq. 3 as a regression model to estimate the
diffusion coefﬁcient in these experiments. We used r0=2 μm, and
σ=1.5 μm (as measured experimentally).
2.4.3. Diffusion of the red protein to a distant region in the membrane
In these experiments, we evaluated time-dependent total ﬂuores-
cence in a rectangular region of size (x2−x1)×(y2−y1) which was
arbitrarily away from the photoconversion area, as schematized in
Fig. 1C.With the assumptions given in point 2 above, total concentration
of the target protein inside the measurement area at time t can be
calculated by integrating Eq. 2 over a rectangle (x2−x1)×(y2−y1)
where the origin of the coordinate system (x0, y0) is chosen to be the
center of the photoconversion area. The relevant integral
Cxy tð Þ = ∫
x2
x1
∫
y2
y1
c x; y; tð Þdxdy
yields
Cxy tð Þ =
1
4
erf
x1
Q tð Þ
 
−erf x2
Q tð Þ
  
erf
y1
Q tð Þ
 
−erf y2
Q tð Þ
  
Q tð Þ =
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2 2Dt + σ2
 q
and erf uð Þ = 2ﬃﬃﬃ
π
p ∫
u
0
e−α
2
dα:
Corresponding ﬂuorescence intensity can then be given as
F tð Þ = ΨCxy tð Þ ð4Þ
As we mentioned above, Ψ is an arbitrary scaling factor that in-
corporates all unknown quantities. We did not consider an immobile
fraction in this case, as it cannot reach to a distant area by deﬁnition.
We used Eq. 4 as a regression model in these experiments where x1,
y1, x2, y2 and the spreading parameter of initial distribution σ=1.5
were all given experimentally in μm units. Hence,Ψwas also ﬁtted to
the data along with the diffusion coefﬁcient D.
2.4.4. Bulk photoconversion and long-distance diffusion of green and red
forms of β2AR–dendra2
In these experiments, we evaluated the mixing of green and red
forms of the fusion protein through the cell-wide diffusion of the two
forms in the cell membrane. This was achieved by a photoconversion
that covers a large portion of the cell membrane (1/4 to 1/2 of
the entire membrane) by using the focused light of the mercury arc
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photoconversion protocol results in an uneven initial distribution of
green and red forms in the cell membrane, whose concentration
gradients are pointing to two opposite directions in the xy plane.
Relaxation of the initial distribution was evaluated by numerical
simulations, as the diffusion equation does not have general analytical
solution in the geometry of cell-like boundaries. Experiment-speciﬁc
conﬁgurations and calculations were explained in the results section.
We used partial differential equation toolbox of MATLAB to solve
speciﬁc boundary and initial value problems numerically.2.5. Other procedures
cAMP accumulation in intact cells was measured essentially as
described before [20]. Brieﬂy, cells were seeded in 96 well plates
(approximately 104 cells/well) the day before the experiment. Two
hours prior to the experiment, cells were washed and incubated in
serum-free medium. Assay (100 μl/well) was started by addition of
indicated stimulants and isobutylmethylxanthine (1 mM) and termi-
nated after 5 min by addition of 100 μl of HCl to a ﬁnal concentration
of 0.1 N. Amount of cAMP formed in each well was measured by
radioimmunoassay as described before [21]. cAMP accumulations
were corrected for cell viability determined by MTT assay in cells
seeded and preincubated in exactly the same conditions.Fig. 2. Confocal images of HEK 293 cells that express wild type β2AR–dendra2,
F282L–β2AR–dendra2, or CAM–β2AR–dendra2. Typical intracellular localizations,
along with membrane expression, are evident in the picture for the constitutively
active mutants. Green ﬂuorescence in each image was scanned with different laser
intensities. Images were adjusted for contrast and brightness separately to emphasize
the pattern of subcellular distribution of the protein. Therefore, different levels of
expression for wild type and mutants are not evident in the picture (see Section 3.1).Agonist afﬁnity and β2AR–dendra2 fusion protein density were
determined by means of [125I]-iodocyanopindolol binding in cell
membrane preparations as described previously [20]. Afﬁnities and
Bmax values were estimated by non-linear regression of numerically
calculated bimolecular binding equation (together with a nonspeciﬁc
binding parameter) assuming a Kd value of 40 pM for the radioligand.
The number of living cells was determined by MTT (Methylthia-
zolyldiphenyl-tetrazolium bromide) assay as described by the
manufacturer (Sigma-Aldrich, Taufkirchen, Germany). Protein con-
centration in the membrane preparations was determined by
Bradford assay using bovine serum albumin as standard [22].Fig. 3. Functional properties of the heterologously expressed β2AR–dendra2 fusions in
HEK293 cells. (A) Competition binding of [125]I-iodocyanopindolol in indicated cell
membranes in the presence of varying concentrations of isoproterenol. Binding is given
as a fraction of binding in the absence of the competitor (B/B0, with B0=~10 pM).−Log
(Kd) values for β2AR and β2AR–dendra2 were estimated to be 6.2 (±0.1) and 6.1
(±0.1), respectively, by independent regression of a true binding equation (with a
given Kd=40 pM for iodocyanopindolol). The same regressions yielded 32 and
42 pmol/mg binding capacities for the membranes that express β2AR or β2AR–
dendra2 proteins, respectively. The smooth curve in the picture is the result of a
common regression for the pooled data. Data are mean values of 4 independent
experiments (triplicate each). (B) Intracellular cAMP accumulation measured in
nontransfected HEK293 cells or in HEK293 cells that express wild type (WT), F282L
or CAM β2AR–dendra2 fusion protein, in the presence or absence of 100 μM
isoproterenol as indicated in the picture. cAMP responses were corrected for MTT
signals measured in parallel experiments. Average value of MTT signal was 0.4 (±0.06).
Data are mean values±S.E.M. calculated from 3 independent experiments (quadru-
plicate each). Constitutive activities of F282L and CAM mutants are evident in the
absence of agonist. (C) The data in (B) are corrected for the expression levels of the
indicated receptor proteins. Correction factors are 1, 0.8 and 0.2 for wild type (WT),
CAM and F282L β2AR–dendra2, respectively, according to their measured levels of
relative expressions. It is evident in the picture that the constitutive activity per
expressed receptor is the highest for F282L mutant, and that the constitutive activities
of both mutants are higher than the agonist-stimulated activity of the wild type.
Fig. 4. An example showing the effect of isoproterenol incubation on the subcellular
distribution of wild type β2AR–dendra2 fusion in HEK 293 cells. The two confocal
images in the picture show the distribution of green ﬂuorescence in the same cell before
(A) and after (B) incubation with 100 μM isoproterenol for 20 min. z-Level of the
confocal planes coincide with the mid-height of the cell. Internalization of β2AR–
dendra2 upon agonist stimulation is evident in the picture.
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3.1. Expression of β2AR–dendra2 fusions and their functional properties
Fluorescent proteins, such as GFP and its variants, have been
widely used to tag and visualize target proteins, including G protein-
coupled receptors (GPCRs), in living cells [23]. These tags are known
to leave the receptor functions intact (or nearly unaltered) when
fused to different GPCRs [24,25]. As a member of GFP family, dendra2
is a monomeric protein consisting of β-sheets that are organized in aFig. 5. Redistribution of β2AR–dendra2 protein in three dimensions in a living HEK 293 ce
60 min after the photoconversion, as indicated in the picture. Data recorded from red and gr
reconstituted from the data collected in the red channel at 11 confocal sections that are se
ﬂuorescence are shown as gray-scale clouds in three dimensions. Intensity contours in a ra
picture (in the x–z view) are also drawn in the 3D-views along with the intensity clouds. Al
arrow (in the x–z view). The image on the upper-left corner of the picture shows the distri
means of in-house scripts in MATLAB. It is evident in the picture that a considerable three dim
of the cell changes during the period of observation, which is due spontaneous slowmoveme
term experiments.barrel-like structure [26], which may suggest that dendra2 should
behave like GFP when fused to GPCRs. However, the latter assertion
has never been tested experimentally. Therefore, we brieﬂy docu-
mented the expression and functional properties of β2AR–dendra2
fusion protein in HEK293 cells.
Transfected cells expressed the wild type β2AR–dendra2 fusion
protein permanently up to a density of 40–50 pmol/mg membrane
protein, as assessed by [125]I-iodocyanopindolol binding in the mem-
brane preparations. The expressed protein was ﬂuorescent, and was
localized almost entirely in the plasma membrane (Fig. 2). Agonist
binding afﬁnity of the fusion protein was not discernible from that of
the non-fused β2AR (Fig. 3A). Isoproterenol, a β2AR agonist, stim-
ulated cAMP accumulation in intact cells that express the fusion
protein. Isoproterenol-induced cAMP response was about 20 times
higher in fusion-transfected cells than in nontransfected cells
(Fig. 3B), showing that the fusion protein is functional in terms of
signal transduction via Gs and adenylate cyclase. However, stimulat-
ed-cAMP accumulation was low in fusion-transfected cells (60%)
compared to the cells that express non-fused β2AR at a comparable
density, suggesting that the signal transduction efﬁciency of the
fusion protein is somewhat lower than the native β2AR. Nevertheless,
agonist stimulation led to an observable internalization of the β2AR–
dendra2 fusion (see Fig. 4 as an example), which is a typical
phenomenon observed with many GPCRs, including βAR [27,28].
The latter observation shows indirectly that the β2AR in the fusionll after a bulk photoconversion. Confocal images were recorded right after (t=0) and
een channels are shown with respective colors in the confocal sections. 3D images were
parated by 1.1 μm in the z-direction. In 3D pictures, intensity distributions of the red
inbow scale that correspond to the section indicated with the magenta arrows in the
l 2D confocal images correspond to the same section that is indicated with the magenta
bution of green ﬂuorescence before photoconversion. All images were reconstituted by
ensional redistribution of green and red ﬂuorescence occurs in 1 h. Note that the shape
nts of the attached cells. This phenomenonwas observable in some cases during the long
Table 1
Estimated mobility parameters for wild type-, CAM- and F282L–β2AR–dendra2 fusion
in living HEK 293 cells.
FRAP (green) C-FRAP (red)
D (μm2 s−1) f n D (μm2s−1) f N
Wild type 0.13±0.01 0.90±0.02 31 0.14±0.02 0.94±0.03 21
CAM 0.12±0.01 0.89±0.02 22 0.12±0.02 0.95±0.01 12
F282L 0.13±0.01 0.81±0.04 11 n.d. n.d. –
Diffusion coefﬁcients (D) and mobile fractions (f), are estimated from FRAP and
complementary FRAP (C-FRAP) experiments as described in the methods. Estimates are
given as mean±S.E.M. values obtained from indicated number of independent
measurements (n). Each measurement is a result of regression of Eq. 1 (for FRAP) or
Eq. 3 (for C-FRAP) on the observed data. In the case of F282L mutant, parameters could
not be determined for the red channel (n.d.), as the signal strength in the red channel
was unacceptably low due to a relatively low level of protein expression. Experiments
with CAM or F282L mutants were performed in cells that were incubated overnight
with alprenolol (10 nM, which was then washed out 1 h before the experiments) to
increase receptor expressions, as explained in Section 3.1.
Fig. 7. Long-distance movement of β2AR–dendra2 fusion in HEK 293 cells. The picture
shows the result of a representative experiment where time-dependent change in
integral red ﬂuorescence is measured in a small region of cell membrane (5×5 μm2)
which is 10 μm away from the center of photoconversion area, as described in methods
and Fig. 1C. Photoconversion is performed at t=0. A two-component version of Eq. 4
with two diffusion coefﬁcients is used to evaluate the data, as the data could not be
explained by a single-species homogeneous diffusion model. The thick gray solid curve
designated as 1+2 is the best ﬁt of this two component diffusion model. The two
components are also shown in the picture as solid black curves (labeled as 1 and 2).
Regression estimates of corresponding diffusion coefﬁcients, D1 and D2 are indicated in
the picture. Fluorescence intensity is given in arbitrary units (A.U.). The fast component
D1 is in excellent agreement with the diffusion coefﬁcient measured in FRAP
experiments (see Table 1). Average values of D1 and D2 determined in independent
experiments are given in Section 3.4.
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arrestins, which are involved in the initial steps of internalization
process [29–31].
Expression levels of the constitutively active β2AR-mutants, CAM
[32] or F282L [33], fused to the dendra2 protein were lower than that
of the wild type construct (~7% and ~30% of the wild type β2AR–
dendra2 for F282L–β2AR–dendra2 and CAMβ2AR–dendra2, respec-
tively). The membrane expression of the mutant constructs increased
signiﬁcantly upon incubation of the cell cultures with 100 nM al-
prenolol for 24 h; relative expressions of F282L–β2AR–dendra2 and
CAMβ2AR–dendra2 increased to ~20% and ~85% of the wild type
construct, respectively. This expression pattern of the constitutively
active mutants fused to dendra2 was perfectly parallel to their non-
fused counterparts (data not shown), suggesting that the fused and
non-fused receptors are handled similarly by the protein trafﬁcking
machinery of the cell. As expected, F282L–β2AR–dendra2 andFig. 6. Examples of FRAP and complementary-FRAP experiments recorded in three different
the green channel (●) showing the recovery of green ﬂuorescence in the photobleached area
dissipation of red ﬂuorescence that is formed in the same photobleached area as in the up
picture corresponds to a single experiment recorded simultaneously. Flash photobleaching in
row) are designated as t=0 in the pictures. Data in the upper and lower row are ﬁtted with
fractions (f) and diffusion coefﬁcients (D in μm2/s units) are indicated in the pictures for each
Eq. 1 or 3). Fluorescence values are given in arbitrary units (A.U.). Symmetry in FRAP an
variability of mobile fraction as opposed to the relative invariance of diffusion coefﬁcient aCAMβ2AR–dendra2 fusions were constitutively active in terms of
stimulating cellular cAMP accumulation in the absence of agonist
(Fig. 3B), and the constitutive activities were inhibited by inverseHEK 293 cells that express β2AR–dendra2 fusion. Upper-row: FRAP data recorded from
. Lower-row: Complementary-FRAP data recorded from the red channel (○) showing the
per row. See Sections 2.3, 2.4.1 and 2.4.2 for experimental details. Each column in the
green channel (upper row) and corresponding photoconversion in red channel (lower
Eqs. 1 and 3, respectively (solid curves in the pictures). Regression estimates of mobile
case. Dotted horizontal lines indicate estimated levels of ﬂuorescence as t→∞ (i.e. F∞ in
d complementary-FRAP experiments is evident in the picture. Data demonstrate the
mong cells.
Fig. 8. Long-distance movement of β2AR–dendra2 fusion in HEK 293 cells after a bulk
photoconversion. The picture shows the results of a representative experiment where
time-dependent change in integral red ﬂuorescence is measured in three small
(5×5 μm2) regions of the cell membrane (labeled as 1, 2 and 3 in the picture) which are
5, 10 or 35 μM away from the center of photoconversion area. In this experiment, the
shape of the photoconverted region is arbitrary and its surface area is about 1/4 of the
total area of the cell (shown on top of the picture). Therefore, a numerical simulation is
used to evaluate the data. Experimental data are collected from a superposition image
of 9 confocal planes (separated by 1.2 μm in the z-direction) at three positions indicated
in the picture (top). The experimental images are shown right after (t=0) and 60 min
after the photoconversion as indicated. Numerical simulations: A cell boundary
matching the size and shape of the real cell was prepared in two-dimensions and an
initial distribution that imitates the experimental data was generated (as shown on the
right). Diffusion equation was numerically solved for Neuman type boundary
conditions (i.e. ∇C=0 at the cell boundaries) with the given initial distribution and
D=0.13 μm2/s. Integral intensities were then calculated from the resulting data at
indicated regions (labeled as 1, 2 and 3 on the right) that match the experimental
measurement points. Experimentally measured intensities (dots), and numerically
calculated intensities (solid lines) are shown together on the graph. Background
ﬂuorescence was subtracted from the experimental data. Experimental and numerical
data were re-scaled to ﬁt each other, as the intensity of the initial distribution in
numerical calculations was arbitrary. Note that the pattern of diffusion in the
simulations does not depend on the total initial intensity, but only on the geometry
of boundaries; on the pattern of initial distribution; and on the value of D. We used
partial differential equation toolbox of MATLAB for numerical calculations. An excellent
agreement with experiment and simulation is evident in the picture, implying that a
homogenous diffusion process with a diffusion coefﬁcient of 0.13 μm2/s explains the
observations.
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basal activities induced by the two constitutively active constructs,
when corrected for the expression levels, were even higher than the
activity observed with the wild type construct in the presence of
saturating agonist stimulation (Fig. 3C). Finally, besides the membrane
expression, constitutively active constructs frequently showed
intracellular localizations (see Fig. 2 as examples), which is a typical
pattern that has been observed with the constitutively active βAR
mutants [28].
These observations, altogether, showed that the β2AR–dendra2
fusion constructs fold, express, trafﬁc and function properly when
expressed in HEK 293 cells. The only exception is that the efﬁciency of
the agonist-induced cAMP stimulation (unlike the basal activity of the
constitutively active mutants) is relatively low in β2AR–dendra2
fusion, despite the fact that the fusion construct binds the agonist
properly. Therefore, throughout the present study, we used the two
constitutively active constructs instead of agonist stimulation of the
wild type as a model system for receptor activation.
3.2. General properties of β2AR–dendra2 movements in intact cells
A typical photoconversion experiment with a subsequent redis-
tribution of locally- and irreversibly- labeled β2AR in a living cell is
shown in Fig. 5. Following are evident in this representative
experiment: the region of photoconversion that is almost cleared
from the green protein is ﬁlled back by the green proteins which were
initially located outside this region. Likewise, the red form that
emerges in the photoconverted region moves out towards the parts of
the cell that were initially devoid of the red form. Both movements
take place mostly within the three-dimensional surface of the cell
membrane in a time frame of an hour. However, a small region inside
the cell (which initially contains green, but not the red form) is also
ﬁlled up by the red protein that was located only in the membrane at
the time of photoconversion. It would be plausible to say that the
movements observed within the cell membrane follow down the
corresponding concentration gradients, and are governed by a
diffusion-like process. Apparently, initial distributions of red and
green forms of the β2AR–dendra2 fusion protein tend to relax to a
perfectly mixed state in all regions of the cell. This should be expected
from a diffusion-like process. However, it should not necessarily be
the case for a more complicated process that moves the receptor
between intracellular compartments and plasma membrane.
The general observations described above are evaluated in more
details in the following sections.
3.3. Local diffusion of β2AR–dendra2 fusions as assessed by FRAP
In order to be able to evaluate cell-wide movements of β2AR–
dendra2 in the membrane quantitatively, wemeasured local diffusion
of the receptor as described in the method section. Results of these
FRAP and complementary-FRAP experiments are summarized in
Table 1, where diffusion coefﬁcients and mobile receptor fractions
are estimated by means of nonlinear regressions of Eqs. 1 and 3, in the
case of FRAP (green channel) and complementary-FRAP (red channel)
experiments, respectively. Within the resolution of the present
experiments, the parameters estimated from red and green channels
agree well in Table 1, suggesting that the diffusion models used in the
present study (i.e. Eqs. 1 and 3) are likely to be a good representation
of reality. Hence, we may infer that inward and outward movements
of green and red forms, respectively, are governed by the same
diffusion process. On average, approximately 90% of the receptors are
mobile in the membrane with an apparent 2-dimensional isotropic
diffusion coefﬁcient of the order of 0.1 μm2/s. It is evident in Table 1
that the parameters estimated for wild type and constitutively active
mutants are not different signiﬁcantly, showing that the mobility of
β2AR is not affected by the activity state of the receptor, at least in thepresent experimental setup. What is not evident in Table 1 is that the
mobile fraction of the receptor showed a great deal of variation across
the cell population ranging from 0.5 to 1, which was not correlated
with the diffusion coefﬁcients measured for the mobile fraction. An
example of variablemobile fractions (but relatively invariant diffusion
coefﬁcient) measured in different cells is given in Fig. 6. However, the
frequency of cells that possess high fractions of immobile receptor
was low. Distribution of mobile fraction values measured across the
cell population was as follows: 2% for f≤0.5; 8% for the range (0.5–
0.7); 23% for the range (0.7–0.9); and 67% for the range (0.9–1). The
latter pattern of skewed distribution explains the mean value and the
low standard error of estimation given for the mobility parameter (f)
in Table 1. For the moment, we are unable to correlate the observed
spontaneous variation in mobile fraction with any experimental
factor, or with a measurable property of the cell. However, we have
observed that treating the cells with the cholesterol depleting agent
methyl-β-cyclodextrin, increases the immobile receptor fraction
without affecting the effective diffusion coefﬁcient [34]. The under-
lying mechanisms of receptor immobilization in the cell membrane
were not investigated further in the present study. Instead, we con-
centrated on the properties of the mobile fraction which nevertheless
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populations. Therefore, by taking advantage of photoconvertibility of
the tagged receptor, we evaluated long-distance movements (N4 μm)
of the receptor quantitatively (see below).
3.4. Long-distance diffusion of β2AR–dendra2 fusion in the cell
membrane
In these experiments, we evaluated time dependent ﬂuorescence
change in regions distant from the photoconversion area, as described
schematically in Fig. 1C.We estimated diffusion coefﬁcients for the arrival
of the red protein from the photoconverted area to the measurement
region, by means of nonlinear regression of Eq. 4. The distance between
the area of photoconversion and the measurement region was typicallyFig. 9. Long-distance movement of β2AR–dendra2 fusion in HEK 293 cells after a bulk photo
dependent changes in integral red and green ﬂuorescences are measured in two large areas. A
it covers about 1/4 of the total membrane (upper left images). Therefore, numerical simula
corrected for background ﬂuorescence. Upper panel (Experimental Data): Total area of the ce
(20×45 μm2) in the picture (shown in the middle images on the left), and total red and gree
and 2 are designated as 1r, 2r, 1 g and 2 g, respectively in the picture. Recorded ﬂuorescen
panel) as indicated. Fluorescence intensities are given as fractions of total initial intensities r
in the graph are the regressions of single exponentials. Lower panel (Simulation Data): Ce
calculations are performed accordingly using a diffusion coefﬁcient equal to 0.13 μm2/s as exp
present case which imitates a confocal section of the membrane (no concentration grad
experimental data are shown on the lower left panel. Simulation data are evaluated exactly
the graph (lower right panel) dots represent the simulation data and solid curves represent t
obtained from the experimental data (in the upper right panel). Initial values of the expon
slightly different in experimental and simulation cases (compare the y-axes of the two g
conﬁguration should be insensitive to variations in initial distributions. A perfect mixing of re
a homogenous diffusion process with D=0.13 μm2/s is evident in the picture. Note that the d
0.4, respectively. These values coincide with the fraction of surface areas of regions 1 and 2varying between 5 and 10 μm throughout these experiments. Results of
these experiments showed that two processes with apparent diffusion
coefﬁcients of 0.14±0.02 μm2/s and 0.008±0.002 μm2/s (mean±S.E.M
with n=6) were identiﬁable in these distance scales (see Fig. 7 as a
representative example). The former number, representing a relatively
fast diffusion, is consistentwith the local diffusion coefﬁcientmeasured in
the FRAP experiments mentioned above. The slow component, on the
other hand, may either correspond to the component that is qualiﬁed as
immobile within the time scale of the FRAP experiments, or to additional
processes (like interdomain diffusion in the cell membrane) that are
apparent only at relatively large (spatial) scales. Although it is not possible
todistinguish the latter twopossibilitieswith thepresent experiments,we
may say that the former possibility is more likely, since its properties
resemble to the immobile fraction observed in the FRAP experiments.conversion. The picture shows the results of a representative experiment where time-
s in the example given in Fig. 8, the shape of the photoconverted region is arbitrary and
tion is used to evaluate the data. Data are collected from a single confocal section and
ll image (50×45 μm2) is divided into two rectangles indicated as 1 (30×45 μm2) and 2
n ﬂuorescences are recorded from these areas. Red in areas 1 and 2, and green in areas 1
ce intensities from corresponding regions and channels are plotted against time (right
ecorded in the corresponding channels right after photoconversion (t=0). Solid curves
ll boundaries and initial states of intensity distributions are prepared, and numerical
lained in the legend of Fig. 8. Boundary geometry is a cell-membrane like 2D strip in the
ient is expected in the z-direction). Simulated distributions that correspond to the
the same way as the experimental data, and plotted against time (lower right panel). In
he exponentials whose time constants are equal to the corresponding regression values
ential curves are adjusted to match the simulation data, as the initial distributions are
raphs on the right). Note that the kinetics of the signals in the present experimental
d and green ﬂorescence in the cell membrane that can be explained almost perfectly by
istributions of red and green intensities in region 1 and 2 converges to the values 0.6 and
in the total area, which is expected from a homogeneous diffusion process.
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was rare in the cell population, and its contribution to the observed
diffusion was quite variable among cells, which were also the case for
immobile fraction observed in the FRAP experiments above.
In order to further evaluate the long distance diffusion of β2AR–
dendra2 fusion in the cell membrane, we analyzed the movements of
the ﬂuorescent proteins after a massive, but still partial, photoconver-
sion. In the case of such a photoconversion, the assumptions that lead
to Eqs. 1, 3 or 4 are not valid anymore, as the diffusion in this case
cannot be considered to be taking place in an inﬁnite space due to the
relatively large area of photoconversion. Therefore, we used a
different strategy to evaluate the results of these experiments quan-
titatively. Two examples of such experiments (n=4 to 7), in which a
large amount of information was evaluated at once, are explained
below. In the ﬁrst case, we measured time-dependent total intensities
of red ﬂuorescence in small regions (5×5 μm2) that are of variable
distance from the photoconversion area, and we compared the
experimental results with numerical calculations that represent
the same experimental conﬁguration (see Fig. 8 as a representative
example). In these calculations, we used the average apparent
diffusion coefﬁcient (0.13 μm2/s) that was estimated from the above
mentioned experiments (Table 1). Fig. 8 shows that the numerical
calculations agree well with the experiment. Note that the agreement
between experiment and calculations shown in Fig. 8 is not due to a
regression, but is a result of independent calculations that were
made in a realistic model of cell boundaries by using a given diffusion
coefﬁcient. The latter fact strongly suggests that the cell-wide
redistribution of β2AR–dendra2 is governed by the very same
diffusion process that is observed locally in the FRAP-like experi-Fig. 10. A representative example of spontaneous re-distribution of β2AR–dendra2 fusion
dendra2 fusion is labeled in the cell membrane by a conﬁned photoconversion, and re-distrib
are reconstituted for initial and ﬁnal states from the data collected from red and green chan
from the geometric mean of corresponding (background-subtracted) green and red intensit
the forms is absent at a pixel, but increases steeply with simultaneous presence of the two
membrane along with some intracellular compartments; whereas the red form is exclusivel
co-localization with the green ﬂuorescence. There is no appreciable co-localization of the tw
forms are co-localized almost perfectly at everywhere in the cell, including intracellular comp
the green ﬂuorescence at the ﬁnal state (and probably also in the initial state) are ﬁlled by
spontaneous transport from membrane to intracellular compartments.ments. In a second group of experiments, we analyzed time-
dependent redistribution of red and green forms after a bulk
photoconversion (as above), by evaluating the simultaneous changes
in integral ﬂuorescence intensities for green and red channels in large
regions. Again, we compared experimental results with theoretical
calculations made by using the same diffusion coefﬁcient as above.
Fig. 9 shows a representative example of such an experiment, where
theoretical calculations for the corresponding experimental conﬁgu-
ration agree with the experimental measurements. The latter
observation suggests again that the cell-wide movements of β2AR–
dendra2 protein within the cell membrane is explained almost
perfectly by a diffusion process whose apparent diffusion coefﬁcient
is equal to the one that was measured locally in the FRAP-like
experiments. Note that in the examples given in Figs. 8 and 9 a single-
component diffusion quantitatively explains the large scale move-
ment of β2AR–dendra2 in the membrane. However, there were also
rare instances in these experiments where the large-scale movement
of the protein was considerably slower than an apparent diffusion
coefﬁcient of ~0.1 μm2/s would imply. The latter observation is
consistent with the results obtained above at relatively small spatial
scales (see Sections 3.2 and 3.3).
3.5. Movements of β2AR–dendra2 fusion between cell membrane and
intracellular compartments
As mentioned in Section 3.2, red and green forms of the β2AR–
dendra2 fusion protein, after a bulk photoconversion in the cell
membrane, undergo an apparently perfect mixing not only in the cell
membrane, but also in the intracellular compartments, which initiallyprotein from cell membrane to intracellular compartments in HEK 293 cells. β2AR–
utions of red and green forms are evaluated 1 h after photoconversion. Confocal images
nels, as indicated in the picture. Co-localization images in the picture are reconstituted
ies (i.e.
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Igreen × Ired
p
) at each pixel. The latter measure is theoretically zero when one of
forms at a given point. At the initial state (upper row), the green form is present in the
y located (within the resolution of the image) in a portion of the membrane, with little
o forms inside the cell at the initial state. At the ﬁnal state (lower row), green and red
artments. The latter observation suggests that the intracellular compartments that host
the membrane pool (rather than by de novo synthesis of the protein), which implies a
Fig. 11. A representative example of spontaneous re-distribution of CAM–β2AR–
dendra2 fusion protein from cell's interior to the membrane in HEK 293 cells. Images
are single confocal sections reconstituted from green or red signals, before, right after
and 30 min after photoconversion, as indicated in the picture. Photoconversion of the
intracellularly localized protein was achieved by successive scanning of the region of
interest by high-intensity 488 nm line of the laser, which is focused to the confocal
plane. Inside-to-membrane transport of the protein in 30 min is evident in the picture.
1521A.İ. Kaya et al. / Biochimica et Biophysica Acta 1813 (2011) 1511–1524contain only one ﬂuorescent form of the protein. A representative
example of such a mixing-by-redistribution is given in Fig. 10 where
mixing is visualized by calculating a normalized co-localization signal
for initial and ﬁnal distributions of red and green proteins. The latter
ﬁgure shows that the intracellular compartments that contain green
protein throughout the experiment are kinetically connected to the
membrane pool. In other words, intracellular compartments that host
the β2AR–dendra2 at a given time are kinetically accessible by the
β2AR–dendra2 that is located in the membrane at an arbitrary
instance. The implication is that there is a spontaneous transport of
β2AR from cell surface to the intracellular compartments (see the
legend of Fig. 10). On the other hand, the pattern of overall
distribution of the protein stays almost steady within the time course
of the experiments (typically 1–2 h), i.e. the observed ﬂuorescence in
the membrane stays constant during the experiments. Together with
the fact that there is a spontaneous β2AR transport from surface to the
cell's interior, the latter observation suggests that there must be a
compensatory transport in the opposite direction that keeps the
overall distribution in steady-state. We tested the latter inference by
tracking the movement of the protein that is initially located inside
the cell. We used constitutively active receptors in these experiments
in order to maximize intracellular signal, which was otherwise too
weak to accomplish the experiment. A representative example is
given in Fig. 11, which shows that there is indeed a spontaneous
transport of β2AR–dendra2 from inside to the surface, even at steady-
state conditions. By steady-state here, we mean that the overall
cellular distribution of the protein stays almost constant, unlike in the
case of agonist-induced internalizationwhere initial and ﬁnal states of
the protein distribution are dramatically different.
It is a well-documented phenomenon that β2AR (like many other
GPCRs) internalizes upon agonist stimulation, and recycles back to the
membrane upon removal of the stimulus [35,36]. The strategy used in
the present study provides a means to visualize these events, i.e.
internalization and recycling of β2AR, simultaneously in a living cell
even in steady state conditions, i.e. in the continuous absence of
agonist stimulation or in the continuous presence of receptor
activation. Thus, the experiments show that photoconvertible labels
are especially useful to characterize the internal kinetics of dynamic-
steady states, which would be impossible to determine otherwise.
Inside-to-surfacemovement of GPCRs in a living cell has recently been
visualized for corticotrophin releasing factor (CRF1R) and vasopressin
(V1aR) receptors with a similar experimental approach using the
photoconvertible protein Kaede [37].
4. Discussion
In the present study, we investigated large-scale dynamics of
human β2AR, fused to irreversibly photoconvertible protein dendra2
in living HEK 293 cells. We chose dendra2 for its ability to convert at
non-phototoxic wave lengths. First, we showed that the receptor in
β2AR–dendra2 fusion is functional. Then, we analyzed receptor
movements in the cell membrane quantitatively. We found that the
predominant receptor population in the membrane pool is mobile;
and the dynamics of the mobile receptors can be explained by a
diffusion-like process with a single effective diffusion coefﬁcient of
~0.13 μm2/s, which is apparently homogeneous over the entire cell
membrane. Finally, we qualitatively visualized the shuttling of β2AR
between plasma membrane and intracellular compartments in
steady-state conditions. Details and implications of these ﬁndings
are discussed below.
The FRAP strategywe adopted here that employs a photoconvertible
tag has two advantages: First, it doubles the information that one can
obtain from a single experiment, as it gives simultaneous information
about green and red forms thatmove in opposite directions in the same
region of interest. Second, the fact that thediffusion of the two forms are
governed by two different equations (Eqs. 1 and 3) with commonmobility parameters, provides a means to test the consistency of the
diffusion model by observing invariance of the parameters estimated
from two equations. In Table 2, the parameters thus estimated are
compared with the values reported in the literature for GPCRs. A few
issues about the picture summarized in Table 2 may be worth
mentioning. The values in the table imply a hindered diffusion for
GPCRs in general, as the Saffman–Delbrück theory [38] predicts a value
of D ~3.5 μm2/s for GPCR-like proteins (membrane cross-section
diameter ~4 nm) in a phospholipid bilayer with a given thickness and
viscosity at 37 °C. This value is consistent onlywith themeasured lateral
diffusion coefﬁcient of bacteriorhodopsin in artiﬁcial bilayers, but all
other values are smaller than that (Table 2). In FCS and SPTexperiments,
faster diffusion rates than theaverage valueof 0.15 μm2/s seen in Table 2
have been reported (see the footnotes in Table 2). These valuesprobably
reﬂect intra-domain diffusion of the relevant receptors, or activation-
dependent variations in mobilities (discussed below), as the spatial
scale of the latter techniques are smaller than the FRAP experiments. In
any case, D=0.1–0.2 μm2/s in basal conditions seems to be a common
apparent component in a wide range of experimental methods, cells,
receptors and probes. This component is the predominant form of
β2AR–dendra2 in thepresent case aswell. The exceptionally high values
reported in HEK 293 cells for β2AR-GFP by Barak et al., [27] (Table 2)
may be due to the difference in themathematicalmodel they used, or to
experimental variations.
Table 2
Mobility parameters reported for GPCRs.
GPCRa Cell Method Probe D f T Reference
5-HT1A CHO FRAP YFP 0.18 0.75 37 [40]
A1R/A2AR CHO FCS YFP 0.47b – RT [43]
A3R CHO FCS ABEA-X-BY630 0.12c – RT [44]
β2AR Liver FRAP Alp-NBD 0.14 0.15 RT [45]
β2AR HEK 293 FRAP GFP 0.4–1.2 0.75 RT [27]
β2AR A549 FCS Alexa-Arterenol 0.10c,d – RT [46]
β2AR HEK 293 FRAP Dendra2 0.13 0.90 37 This study
B2R HEK 293 FCS GFP 0.35d – RT [42]
CCR5 HEK 293 FRAP GFP 0.45d 0.15 20 [57]
GRHR CHO FRAP GFP 0.12e 0.25 37 [47]
GRHR αT3 FRAP GFP 0.12e 0.20 37 [47]
GRP KNRK FRAP GFP 0.48e 0.80 37 [55]
LHR CHO FRAP GFP 0.16e 0.57 37 [48]
LHR HEK 293 FRAP TrICT-hormone 0.02–0.05e 0.68 37 [52]
mGluR5 Ptk2 SPT/FRAP Latex/GFP 0.09/0.11d 0.50 37 [56]
μOR NRK SPT Gold 0.12f – 37 [8]
μOR CHO SFVI GFP 0.10f – 37 [8]
μOR SH-SY5Y FRAP GFP 0.08e 0.50 20 [39]
NK1 HEK 293 SMWFM TMR-SP 0.20d – RT [54]
NK2 HEK 293 FRAP GFP 0.02g 0.68 20 [53]
V1 A7r5 FRAP Rhod-Vas 0.05 0.40 37 [49]
V2 LLC-PK1 FRAP Rhod-Vas 0.03 0.90 37 [50]
BR Bilayer FRAP Eosin 3.40 0.90 32 [5]
a Receptor abbreviations: 5-HT1A, serotonin; A1R, A2AR, A3R, adenosine; B2R, bradikinin; CCR5, chemokine; GRHR, gonadotropine releasing hormone; GRP, bombesin/
gastrinreleasing peptide; LH, luteinizing hormone; mGluR5, metabotropic glutamate; μOR, opioid; NK1, NK2, neurokinin; V1,V2, vasopressin; BR, bacteriorhodopsin. Other
abbreviations and symbols are: SFVI, single ﬂuorescent molecule video imaging; SMWFM, single-molecule wide-ﬁeld ﬂuorescence microscopy; Rhod-Vas, rhodamine vasopressin;
TMR-SP, tetramethylrhodamine-substance P; D, diffusion coefﬁcient in μm2/s units; f, mobile receptor fraction; T, temperature in °C; RT, room temperature.
b Average value observed for monomeric and dimeric forms, which are not different signiﬁcantly from each other.
c Faster components are also observed.
d Slower components are also observed.
e Mobility or diffusion coefﬁcient was found to be sensitive to agonist stimulation.
f Calculated from 250 ms or longer trajectories.
g Average value of corrected Ds calculated from different spot sizes.
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range of 3–5 μm, is larger than the reported domain sizes (0.05–1 μm)
that receptors experience in the cell membrane [9,39]. Therefore, the
values of the diffusion coefﬁcients reported in the present study are
only apparent constants that probably reﬂect the rate of interdomain
diffusions (such as hop diffusion) or population averages of more
complex microscopic movements (such as transient conﬁnements).
Hence, we qualify the present quantities as effective diffusion
constants at a mesoscopic scale (i.e. between the microscopic scale
of the SPT or FCS experiments and the ultimate macroscopic scale of
the entire cell membrane).
Activation-dependent receptor mobility is another interesting
issue that has been widely discussed in the literature (reviewed in
[16]; see also the footnotes in Table 2). However,wedid not observe an
activity-dependent mobility in the present experiments where we
comparedwild-type receptorwith the constitutively activemutants of
β2AR (Table 1). Several explanations can be given for this observation:
1) Theremay actually be aG protein-dependentmobility inβ2AR, as in
the case of 5-HT1A [40], μ-opioid [39] or D2 dopamine [41] receptors,
butwemight havemissed it, since the receptor expression is very high
in the present case, which results in a low fraction of G-protein-
interacting-receptors in the entire receptor pool. Indeed, we do not
observe a nucleotide-dependent afﬁnity change in agonist binding at
that level of expression, independently of whether the receptor is
fused or not to dendra2. 2)Mobility of β2ARmay be independent of its
interaction with G protein, as has been suggested for adenosine A2A
receptors [41]. 3) Receptor conformations induced by the two
activatingmutationsmay not be appropriate to see otherwise existing
effects (unlikely though). 4) Dendra2 tag may hinder proper in-
teractions of the receptor with its environment that determine
activity-dependent mobility. 5) Activation-induced changes at the
microscopic level may not be visible in the mesoscopic scale of thepresent experiments. And ﬁnally, 6) mobility of β2AR may be really
independent of its activity in HEK 293 cells. These possibilities
constitute a set of working hypotheses for future experiments.
Although we did not observe an activity-dependent mobility in the
present experiments, we did observe a spontaneous heterogeneity in
mobile receptor fraction across the cell population: approximately 10% of
the cells exhibited a signiﬁcant fraction of immobile (in FRAP) or slowly
diffusing (Db0.01 μm2/s) receptors in long-distance measurements
(Fig. 7). The latter observation seems to be consistent with FCS
measurements where very slow receptor movements have been
diagnosed along with a D of order of 0.1 μm2/s (see for example [42]).
As we mentioned in the results, we did not investigate further the
underlyingmechanism of this immobilization. Nevertheless, wemay say
that it does not seem to be systematically related to receptor activation in
our case; but it hasprobably todowith the transient reorganizationof the
cell membrane system as a whole depending on the general state of the
cell, as it shows a large cell-to-cell variation. Likewise, involvement of
lipid rafts in this process seems to be unlikely, as Kenworthy et al. [51]
have elegantly shown that raft-associatedproteins diffuse independently
from each other, suggesting that localization in (or exclusion from) lipid
rafts does not impose commondiffusive properties to these proteins (see
also [39]).
The present experiments also provided information about cell-
wide large scale movements of β2AR along with its mesoscopic
properties discussed above. These experiments, all together, suggest
that the cell membrane exhibits a homogeneous structure in terms of
the mesoscopic properties of β2AR diffusion in HEK 293 cells. More
explicitly, the structure of microscopic events that determine the
effective diffusion coefﬁcientmeasured at amesoscopic scale seems to
apply to the entire membrane homogeneously, with no apparent
larger scale structures. In otherwords, a receptormolecule can explore
the entire cell membrane with an effective homogeneous diffusion
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ditions. To the best of our knowledge, these are the ﬁrst experiments
that show the latter correspondence quantitatively in a large scale of
spatial variation.We believe that the experimental and computational
strategies detailed in the present studymay prove to be a useful tool to
investigate the mechanism and regulation of dynamic distribution of
different GPCRs in a wide range of spatial organization in the cell
membrane. Likewise, photoconvertible tags seem to be excellent tools
to investigate receptor shuttling betweenmembrane and intracellular
compartments even at steady-state distributions, as we qualitatively
visualized in the present experiments (Figs. 10 and 11).
Finally, it would be prudent to mention that all the results and
conclusions of the present study should be considered in the context
of the present experimental system. The dynamic properties we
discussed above for the β2AR may obviously vary depending on the
cell, receptor type or receptor expression level (which was very high
in the present study). Therefore, the results of the present study
should not be generalized to other GPCRs and cell systems without
further experimentation. On the other hand, the latter fact can be
considered as a good reason to investigate different GPCRs in different
conditions to better understand the dynamic organization of GPCRs in
the cell membrane, and regulation of GPCR-mediated signaling.
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